Residence time and thermo-chemical environment are important factors in the soot-formation process in flames. Studies have revealed that flow-dynamics plays a dominant role in soot formation process. For understanding the effect of flow dynamics on soot formation and physical structure of the soot formed in different combustion environments two types of laminar diffusion flames of Acetylene and air, a normal diffusion flame (NDF) and an inverse diffusion flame (IDF) have been investigated. The fuel and air supply in the reaction zone in two flame types were kept constant but the interchange of relative position of fuel and air altered the burner exit Reynolds and Froude numbers of gases, fuel/ air velocity ratio and flame shape. Soot samples were collected using thermophoretic sampling on transmission electron microscope (TEM) grids at different flame heights and were analyzed off-line in a Transmission Electron Microscope. Soot primary particle size, soot aggregate size and soot volume fraction were measured using an image analysis software. In NDF the maximum flame temperature was about 1525 K and 1230 K for IDF. The soot primary particles are distinctly smaller in size in IDF (between 19 -26 nm) compared to NDF (between 29-34 nm). Both NDF and IDF show chainlike branched structure of soot agglomerate with soot particles of a nearly spherical shape. The average number of soot primary particles per aggregate in NDF was in the range of 24 to 40 and in IDF it varied between 16 to 24. Soot volume fraction was between 0.6 to 1.5 ppm in NDF where as it was less than 0.2 ppm in IDF. The change in sooting characteristics of the two flame types is attributed to changed fuel/air velocity ratio, entrainment of gas molecules and thermophoresis on soot particles.
INTRODUCTION
Soot emission from hydrocarbon diffusion flames has been extensively studied for its significant impact on the combustion efficiency [1] , flame radiation [2] , and environmental pollution [3] . Gaydon et al. [4] defined a critical carbon to hydrogen ratio for soot formation in the reaction zone of premixed flames. In diffusion flames, this ratio is exceeded on the fuel side by the deficiency of oxygen [5] . In this case, the fuel molecules are thermally broken into hydrocarbon fragments forming a pyrolysis zone on the inner side of the flame envelope [6] . At relatively low flow rates, the soot particles are oxidized upon crossing the flame sheet [7] . However, as fuel flow rate is increased, there is a corresponding flame height at which there is free soot piercing the flame sheet and such height was named as the sooting height, as a measurable property for each hydrocarbon fuel [5] . Calcote [8] defined three stages of soot formation, namely the nucleation, the particle surface growth, and the agglomeration. The first stage includes the transformation from a molecular system to a particulate system by the formation of an embryonic species that grow faster than they decompose or disappear by reaction. In the second stage, heterogeneous reactions occur on the surface of those formed nuclei and the spherical particles grow in size by further carbonization [9] . The agglomeration of small particles to form chains then takes place in the third stage. As reported by Pandey [10] , the diffusion flame height and shape change if the fuel and air streams were altered to form an inverse flame (with a central air jet and a co-axial surrounding air flow), wherein the fuel molecules diffuse inward into the flame reaction zone and soot formed moves outward into the cooler fuel stream. Because of such substantial difference in flame shape and flow field, both flames exhibit distinctive sooting characteristics [10] .
Kaplan et al. [11] using direct numerical simulations with varying flow velocities for methane-air diffusion flames revealed that under ventilated IDFs form relatively very less soot. The soot surface growth rate is very small along the particle path line going through the maximum soot volume fraction, because the temperature and stoichiometry conditions on that path line are unfavorable. However, the surface growth continues long after soot oxidation has ceased, and the oxidation rates are very low. In normal diffusion flames, the stages of soot formation and oxidation almost take place in a successive order [12] . In normal diffusion flames, the soot is formed in the annular flame region by the fuel pyrolysis in the inner side of the high temperature reaction zone [13] . When these soot particles cross the reaction zone, they are partially or entirely oxidized depending on the sooting load [14, 15] . Wu and Essenhigh [16] studied over ventilated methane inverse diffusion flames and found that in some cases, IDFs are essentially non-luminous with no apparent soot formation, but in other cases especially at high air-jet velocities a luminous region is formed with orange cap on top of the flame. Interestingly, these authors reported the existence of an un-oxidized pool of CO and H 2 at the IDF tip [16] . The surface growth is the dominant mechanism in soot formation [17] , in inverse diffusion flames surface growth is very small and therefore these flames produce less soot [18] . Among the listed publications, little work has been done on the inverse diffusion flame. In the present study, the role of flow-dynamics on soot formation processes has been studied using laminar NDF and IDF configurations of acetylene and air. The fuel and air supply ports were interchanged, but the acetylene and air flow rate were kept constant to maintain a fixed supply concentration of carbon moles and oxidizer moles in the reaction zone of the two flame types. This enables the study of the effect of altered fuel and air velocities, gas entrainment and flame shape on soot formation in laminar diffusion flames.
EXPERIMENTAL PROCEDURE
An axisymmetric burner was used for producing laminar round jet diffusion flames in air co-flow. The schematic diagram of the burner is shown in Figure 1 . The burner has a centre port of 6.35 mm diameter, co-axial first annulus port of 9.525 mm ID and 12.7 mm OD and second annulus port of 15.875 mm ID and 19.05 mm OD. The arrangement of flow of fuel and oxidizer in co-annular burner for the normal diffusion flame (NDF) and inverse diffusion flame (IDF) is shown in Figure 2 . In the typical NDF reactant flow arrangement, the fuel flows through the central port surrounded by an oxidizer (in the present case air). A combustible mixture is formed on the surface where fuel stream meets the air stream. The cool air moves towards hot and lighter combustion zone. Intermediate combustion products and soot particles pass through the reacting oxidation zone along the flame length. On the other hand in the IDF, the oxidizer flows through the central port and fuel surrounds the oxidizer. The outer surface of high velocity air jet coming out of central port interacts with the inner surface of fuel jet issuing from first annular port. The momentum exchange occurs at the surface where two gas streams flowing with different velocities meet and the slow moving fuel molecules are entrained inwards and mix with air to form a combustible mixture. In IDF, fuel is on the outer side and hence, the soot is formed on the outer ring of the flame reaction zone. The thermophoretic effect drives away the soot formed from the flame into the cool fuel region at the outer flame boundaries where the reactions get quenched; however some soot gets dragged into air stream also. The soot particles which escape to cooler fuel region do not undergo surface growth as the temperature conditions are not conducive for it. Also, the residence time available at high temperatures in the flame is very small for surface growth and oxidation. Hence, the IDF provides a good separation of the pyrolysis and oxidation processes during soot formation. As the fuel and pyrolysis intermediates in IDF generally move to fuel zone and only a small portion is convected into oxidation zone, it is possible to collect large samples of incipient soot particles, though the soot concentration in IDF tend to be much lower than in NDF. Both the flame types were isolated from ambient air of the lab by supplying the inert nitrogen gas through the second annulus port of the burner. Thermophoretic sampling used in this study involves physical collection of soot aggregates from the flame for subsequent off-line analysis using a JOEL (product code-JEM2000FX) transmission electron microscope (TEM). Thermophoresis is the phenomenon in which particles are driven towards colder regions in a gas environment 28 Role of fluid-dynamics in soot formation and microstructure in acetylene-air laminar diffusion flames with the temperature gradient. When a cold sampling surface is inserted into relatively hot and soot containing flame gas environment, the mass transfer occurs due to net momentum exchange between cold surface of TEM grid held at the tip of the probe and the hot gases and the soot particles get collected on the sampling surface. A double acting pneumatic system operating through a solenoid valve and a digital timer was used to insert the probe into flame for a time period ranging from 45 ms to 80 ms. The gas flow measurements were made using standard acrylic body rotameters for each gas type. TEM images of soot deposited near the centre of the grid were obtained at magnifications of 8 × 10 3 , 15 × 10 3 and 80 × 10 3 . The TEM photographs of soot particles and aggregates were analyzed for primary particle size, aggregate size and soot volume fraction, using NIH image analysis software ImageJ 1.33u. The flame temperatures were measured using a 0.35 mm diameter Pt/Pt-13Rh thermocouple. The thermophoretic sampling probe and thermocouple were mounted on a traverse assembly which can be moved both horizontally and vertically with the help of lead screws to facilitate collection of soot samples and temperature measurement at any location in the flame with reference to the burner exit plane. The experimental set-up, TEM image analysis and the calculation of soot characteristics procedure is described in detail in author's earlier work [18] .
UNCERTAINTY ANALYSIS
The flame temperatures measured by thermocouple have been corrected for radiation heat loss from the thermocouple bead and heat conduction through the thermocouple wires. The temperature of the thermocouple bead and actual temperature of the local gas are different. The steady-state energy balance for the thermocouple bead relates the two temperatures. Heat is added to the thermocouple bead through convection from the flame. Heat is lost from the thermocouple bead by radiation and by axial heat conduction along the two-thermocouple wires. The catalytic effects have been ignored [18] . The radiation correction is in the range of 90-150 K and the temperature correction for conduction ranged from 71-88 K. The measured flame temperature has an uncertainty of about ± 23 o C.
The particle coverage area is higher near the copper bars of the TEM grid than the central region. Therefore, the particle images at couple of microns away from the grid boundary have been used for calculation. This leads to consistent soot images with reduced deviation from each other. TEM images at 80 × 10 3 magnification are used to determine the soot primary particle size. About 30-40 primary soot particles with clearly visible boundaries are averaged at each sampling location to obtain the mean primary particle diameter. The experimental uncertainty of soot primary particle diameter at 95% confidence interval is less than 9% of mean value. TEM images at 8 × 10 3 and 15 × 10 3 magnifications have been used to analyze soot volume fraction and soot aggregate size. The magnifications of 8 × 10 3 for NDF and 15 × 10 3 for IDF were chosen as it resolves soot aggregates clearly and provides a statistically significant aggregate population. At 95% confidence interval, the uncertainty in soot volume fraction is about 10%.
RESULTS AND DISCUSSION
The air and fuel flow rates were selected for a global stoichiometry of 0.55 of reactants supplied through the burner and to obtain a stable flame for the study. The carbon and air moles supply in the reaction zone was kept constant in the two flame types by maintaining the same fuel and air flow rates. Thus the altered flow-dynamics in the combustion zone, due to the change in burner exit velocities of gases and Reynolds (Re) and Froude (Fr) numbers, becomes the primary influence on the sooting characteristics of the two flame types.
The 19] . u 0 is the momentum-driven velocity at the burner exit, which is computed by dividing gas flow rate by the respective port area at the burner exit. The details of two flame types are summarized in Table 1 . The fuel jet Reynolds number governs the character of the flame. The chemical kinetics and fluid mechanics both play role in combustion and there is a different transition Reynolds number for different gases. For acetylene jet diffusing into air the transition from laminar to turbulent flame occurs between Reynolds numbers 9,000-10,000 [20] . The flames under study are laminar flames. The Froude number for fuel stream is much small than 1, therefore the flow is dominated by buoyancy. The results obtained with change in flow-dynamics on flame temperature, soot microstructure, soot volume fraction and soot aggregate size are discussed below.
Temperature
The temperatures were measured at the flame centerline in NDF and along the flame sooting line in case of IDF. The flame temperatures have been corrected for the radiation and conduction heat losses. The temperatures variations with flame height are plotted for both types of flames in Figure 3 . The flame temperature increases initially with the flame height, attains a peak and subsequently decreases. This trend is observed for both NDF and IDF, though the peak temperature occurs relatively early in IDF.
30
Role of fluid-dynamics in soot formation and microstructure in acetylene-air laminar diffusion flames The other significant observation is that the flame temperature in IDF is lower by an order of magnitude of about 250 to 300 K compared to NDF. The lower flame temperatures in IDF might be due to the following three effects: (i) faster diffusion of heat released in IDF due to 5 times higher Air/Fuel velocity ratio compared to NDF (ii) possible thermal effect of co-flowing shrouding nitrogen. In IDF the reaction zone is closer to outer shielding nitrogen gas, which carries away a fraction of heat released with it. In NDF the thermal effect of nitrogen is not present, as it is away from the reaction zone, and (iii) incomplete combustion. In IDF, the fuel is on the outer side of the flame and there is a tendency of fuel and products of incomplete combustion to move away from the flame into the cooler shielding nitrogen stream where there is no possibility of oxidation. The cumulative effect of these three factors results in low temperatures in IDF compared to NDF. Figures 4a and 4b show typical TEM micrographs at 80 ×10 3 magnification of the soot sampled at 5 mm and 20 mm flame heights along the flame sooting-line in NDF and IDF types of acetylene-air laminar diffusion flames. The soot primary particles are nearly spherical in shape and the boundaries are quite clearly discernible from the neighbouring particles in an aggregate of primary particles. The TEM micrographs in figures demonstrate the tendency of soot particles to form branched chain like agglomerates whose size increase with flame height. It can be visually observed in Figures 4a and 4b that in NDF of acetylene and air the particles are distinctly bigger in size with more clearly discernible boundaries than in IDF. Another fact which is visible from soot micrographs is that IDF soot particles are lighter in shade and the particle boundaries are more intermingled with adjoining particles compared to NDF. This suggests that NDF soot particles are more mature and denser by surface growth whereas IDF produces incipient and young soot particles. Further these micrographs reveal that soot primary particles are relatively smaller in size at 20 mm flame height than at 5 mm height in both types of the flames. Average primary particle size variations for both the flames with the flame height are shown in Figure 5 . The primary particle size varies between 29-34 nm for NDF. The particle sizes are observed to be smaller in IDF and vary between 19 -26 nm. In both types of the flames, the largest primary particle sizes are observed at 5 mm flame height, which means particles mature quite close to burner exit, which is a fuel rich zone. The particle size further downstream in the flame is the outcome of mutually competing processes of soot surface growth and oxidation.
Soot microstructure
The smaller particle size in IDF indicates a smaller surface growth in this type of flame. There are two probable ways to explain this phenomenon. The first explanation lies in the fact that compared to NDF flame fuel stream Froude number in IDF is smaller than NDF and therefore IDF is more buoyant. Also the fuel/air velocity ratio in case of IDF is lower compared to NDF as the fuel velocity is lowered and air velocity is increased due to change in relative position of fuel and air. The combined effect of 32 Role of fluid-dynamics in soot formation and microstructure in acetylene-air laminar diffusion flames Soot micrographs at 80 × 10 3 magnification; C 2 H 2 = 4.58 cm 3 /s, air = 100 cm 3 /s.
these on soot formation in IDF are following; i) the soot residence time is smaller and ii) the soot formed has a stronger tendency to cross the flame sheet into the air side. As a consequence soot surface growth is small. The fraction of soot formed which crosses the flame sheet into the air side undergoes limited oxidation until the point temperature is favourable. The second explanation of the phenomenon lies in thermophoresis of soot particles. Soot particles formed has a tendency to get drifted towards colder region under the influence of thermophoretic forces. In the case of IDF the soot particles under thermophoresis move outwards into the relatively cooler fuel stream. This region, though rich in fuel, has temperature conditions not conducive to support soot surface growth. Apart from unfavourable temperature conditions, the soot oxidation in this region is not possible due to the absence of oxygen also. Therefore, in either of the two conditions, as discussed above, the soot residence time in the flame in IDF is smaller compared to NDF and whether it is momentum driven inward movement or thermophoresis driven outward movement of the soot particles, the soot surface growth in IDF is less probable than NDF. As a consequence, in TEM micrographs, soot particle sizes are observed to be smaller in size than NDF.
Soot volume fraction
Soot images at 8 ×10 3 and 15 ×10 3 magnification were used for soot volume fraction determination. The image magnification was selected to ensure statistically significant large numbers of soot aggregates are available in the image area and the soot sample is a true representative of actual soot environment. Soot volume fraction data for the NDF and IDF of acetylene and air are presented in Figure 6 . In NDF, soot volume fraction
International journal of spray and combustion dynamics · Volume . 7 · Number . growth is prevented and soot is oxidized until the point temperature is favourable or outwards into the fuel rich cooler region where soot formation reactions are quenched. The overall influence of change in soot path due to altered flow-dynamics in IDF is that the surface growth of the soot is inhibited and soot oxidation is promoted and therefore compared to NDF an extremely low value of soot volume fraction is observed, despite the fact that fuel and air supply rates were kept constant in the two flame types. A comparison of Figure 3 and Figure 6 show that the peak flame temperature location does not coincide with the peak soot volume fraction location. In NDF the peak soot volume faction location is observed to occur earlier than peak temperature value. This may be explained by the fact that soot volume fraction gradually reduces after its maximum value and due to oxidation of soot additional heat is released and the flame temperature continues to increase. As a result, compared to the soot volume fraction peak, the temperature peak occurs later in the flame. In IDF the soot volume fraction is very low and also there is very limited soot oxidation, due to the reasons discussed earlier in this section, no pronounced effect of soot oxidation is visible on flame temperature. The temperature variation in IDF appears to be mainly dependent on heat release due to combustion of fuel only.
Soot aggregate size
The soot micrographs for NDF and IDF were analyzed to study the effect of flowdynamics on the soot agglomeration process and the aggregate size. At different flame heights about 200-400 soot aggregates were analyzed. The variation of average number of soot primary particles in soot aggregates with flame height for both NDF and IDF flames are plotted in Figure 7 . It can be seen from the plot that average number of soot Average number of primary particles in a soot aggregate in NDF and IDF. primary particles per aggregate at different flame heights in NDF was in the range of 24 to 40 and for IDF it varied between 16 to 24. This further corroborates the effect of changed hydro-dynamic conditions as discussed in earlier sections and its effect on flame temperature, soot microstructure and soot volume fraction.
CONCLUSIONS
Effects of flow-dynamics on soot formation and soot microstructure were studied using laminar normal diffusion flame (NDF) and laminar inverse diffusion flame (IDF) of acetylene and air in co-flow. Thermophoretic sampling technique followed by transmission electron microscope imaging and image analysis was employed for soot diagnostic. The carbon and air moles supply in the reaction zone in two flame types was kept constant. Significant differences in flame temperature, soot microstructure and soot volume fraction were observed in the two flame types. The differences observed are primarily due to the changed fuel/air velocity ratio and therefore changed burner exit Reynolds and Froude numbers, entrainment of gas molecules and thermophoresis on soot particles. Following are the main findings of this study;
• In NDF the maximum temperature was about 1525 K whereas in IDF the maximum was about 1250 K. At all flame heights the IDF temperature was lower by about 250-300 K • The soot primary particle size varies between 29-34 nm in NDF and between 19 -26 nm in IDF. The soot primary particles are distinctly smaller in size in IDF compared to NDF.
• TEM images show a chainlike branched structure of soot agglomerate with soot particles of nearly spherical shape in both NDF and IDF.
• Soot volume fraction values varied between 0.6 to 1.5 ppm in NDF against a much smaller value of less than 0.2 ppm in IDF.
• The average number of soot primary particles per aggregate in NDF was in the range of 24 to 40 and where as in IDF it varied between 16 to 24.
